Aims/hypothesis The aim of this work was to investigate the mechanisms underlying the risk of type 2 diabetes associated with statin treatment in the population-based Metabolic Syndrome in Men (METSIM) cohort. Methods A total of 8,749 non-diabetic participants, aged 45-73 years, were followed up for 5.9 years. New diabetes was diagnosed in 625 men by means of an OGTT, HbA 1c ≥6.5% (48 mmol/mol) or glucose-lowering medication started during the follow-up. Insulin sensitivity and secretion were evaluated with OGTT-derived indices. Results Participants on statin treatment (N=2,142) had a 46% increased risk of type 2 diabetes (adjusted HR 1.46 [95% CI 1.22, 1.74]). The risk was dose dependent for simvastatin and atorvastatin. Statin treatment significantly increased 2 h glucose (2hPG) and glucose AUC of an OGTT at follow-up, with a nominally significant increase in fasting plasma glucose (FPG). Insulin sensitivity was decreased by 24% and insulin secretion by 12% in individuals on statin treatment (at FPG and 2hPG <5.0 mmol/l) compared with individuals without statin treatment ( p<0.01). Decreases in insulin sensitivity and insulin secretion were dose dependent for simvastatin and atorvastatin.
Introduction
Statin treatment is effective in the primary and secondary prevention of cardiovascular disease (CVD) events in individuals with and without diabetes [1, 2] and is generally safe and well tolerated [2] . In the West of Scotland Coronary Prevention Study (WOSCOPS) pravastatin treatment decreased the risk of diabetes by 30% [3] . Emerging evidence, however, suggests that treatment with other statins slightly increases the risk of type 2 diabetes [4] [5] [6] [7] . In pooled data from 13 trials statin therapy was associated with a 9% increased risk of diabetes [8] and this effect was age and dose dependent [8, 9] . Previous population-based studies have reported a 10-22% increased risk of diabetes with statins [10] [11] [12] .
Mechanisms underlying the association of statin therapy with diabetes remain unclear [13] . Type 2 diabetes develops as a combination of insulin resistance and progressive beta Electronic supplementary material The online version of this article (doi:10.1007/s00125-015-3528-5) contains peer-reviewed but unedited supplementary material, which is available to authorised users. cell dysfunction, the latter being required for the conversion to overt diabetes. Studies of the effects of statin treatment on insulin sensitivity are conflicting and are generally small in size [14] [15] [16] [17] [18] . Treatment with simvastatin and rosuvastatin has decreased insulin sensitivity, whereas treatment with pravastatin has improved insulin sensitivity [19, 20] . Statininduced decrease in insulin secretion has been reported in some [21] , but not all, in vitro studies [22] . Human studies on statin-induced changes in glucose-stimulated insulin secretion are lacking.
There are limitations in previous studies that have evaluated the diabetogenic impact of statin treatment. Study populations have been selective, especially in statin trials which have included participants at high risk of CVD [6] [7] [8] [9] . Therefore, the risk of diabetes in clinical trials is likely to differ from that in the general population. Very often in previous studies the diagnosis of diabetes has been based on self-reported diabetes or fasting glucose measurement [5, 6, 8, 9] , underestimating incident diabetes. There have been no previous studies wherein the diagnosis of diabetes has been based on the current diagnostic criteria for diabetes: fasting glucose, an OGTT or HbA 1c . Finally, there are no population-based studies evaluating the mechanisms underlying the diabetogenic effects of statins. Therefore, we investigated the effects of statin treatment on the risk of type 2 diabetes and deterioration towards hyperglycaemia in 8,749 non-diabetic men in a 6 year follow-up of the populationbased Metabolic Syndrome in Men (METSIM) study. We also investigated the mechanisms of statin-induced diabetes by evaluating changes in insulin resistance and insulin secretion.
Methods
Participants and clinical measurement at the baseline study The METSIM study was performed in 2005-2010 at the Clinical Research Unit of the University of Kuopio and included 10,197 men, aged 45-73 years, randomly selected from the population register of Kuopio, Eastern Finland (population 95,000) [23] . An OGTT (75 g of glucose, glucose and insulin measurements at 0, 30 and 120 min) was performed, and glucose tolerance was classified according to the American Diabetes Association criteria [24] . Participants with previously diagnosed type 1 diabetes (n=25), newly (n=649) or previously diagnosed type 2 diabetes (n=763) or those without an OGTT at baseline (n=11) were excluded. A total of 8,749 men without diabetes at baseline were included in the statistical analyses (age 57±7 years, BMI 26.8±3.8 kg/m 2 , mean±SD).
Participants and clinical measurements at the follow-up study A follow-up started in 2010 and so far 5,419 individuals have participated. The study protocol and measurements are identical to those of the baseline study. Statin treatment A total of 2,142 (24.5%) of the 8,749 nondiabetic men were on statin medication at baseline (65.9% on simvastatin, 18.1% on atorvastatin, 8.6% on rosuvastatin, 3.8% on fluvastatin, 2.3% on lovastatin and 1.3% on pravastatin).
Measurements Height and weight were measured to the nearest 0.5 cm and 0.1 kg, respectively. BMI was calculated as weight (kg) divided by height (m) squared. Waist circumference was measured at the midpoint between the lateral iliac crest and lowest rib. Smoking status was defined as current smoking (yes vs no). Family history of diabetes (yes vs no) was defined as a first-degree or second-degree relative having diabetes vs no family history of diabetes. Physical activity (physically active vs inactive) refers to leisure-time exercise (physically active, regular exercise [at least 30 min once or twice a week] vs physically inactive, occasional exercise or no exercise). Alcohol intake was defined as total alcohol intake in grams per week. The use of beta-blockers and diuretics at baseline was recorded (yes vs no). CVD at baseline was defined as a history of non-fatal myocardial infarction or stroke. Calculations The trapezoidal method was used to calculate the glucose and insulin AUCs in an OGTT based on samples collected at 0, 30 and 120 min. The Matsuda index of insulin sensitivity (ISI) was calculated as 10,000 / √(fasting insulin× fasting glucose×mean insulin during OGTT×mean glucose in an OGTT), and by HOMA-IR [25] . Disposition index (DI) was calculated as a product of insulin sensitivity and insulin secretion (Matsuda ISI×insulin AUC 0-30 min /glucose AUC 0-30 min ) and insulin secretion by HOMA of beta cell function (HOMA-B) as previously reported [23] .
Laboratory measurements
Statistical analysis Statistical analyses were conducted using the SPSS version 19 (SPSS, Chicago, IL, USA). BMI, waist circumference, total cholesterol, LDL-cholesterol, HDL-cholesterol, total triacylglycerols, glucose and HbA 1c levels, Matsuda ISI and DI were log-transformed to correct for their skewed distribution. Baseline characteristics of the groups were compared using t test or χ 2 test. The p value for per cent differences between statin and no statin groups was calculated using the general linear or logistic regression models, as appropriate (Table 1) . HRs for the risk of diabetes were calculated with Cox regression ( Table 1 ). Risk of diabetes according to the type of statin (simvastatin, atorvastatin, or other statins [including rosuvastatin, pravastatin, fluvastatin and lovastatin] vs no statin), the dose of statin, and changes in statin treatment during the study were calculated with Cox regression (Fig. 1, ESM  Fig. 1 ). The association of statin treatment with FPG, 2hPG and glucose AUC at follow-up was evaluated with linear regression analysis (N=4,679 non-diabetic participants at baseline had follow-up data available, excluding individuals diagnosed with diabetes between baseline and follow-up). Adjustments were made in models 2-14 ( Table 2) for age, BMI, waist circumference, current smoking, physical activity, alcohol intake, family history of diabetes, use of beta-blockers and use of diuretics, as well as for the length of follow-up time (in months) in linear regression analysis. Additional adjustments were made for FPG, 2hPG, Matsuda ISI, DI, LDLcholesterol, HDL-cholesterol, total triacylglycerols and CVD and the changes in LDL-cholesterol, HDL-cholesterol, total triacylglycerols and BMI. In Table 2 , p<0.004 was considered as statistically significant given the 12 different models tested (Bonferroni correction for multiple testing) and p<0.05 was considered nominally significant. Differences in Matsuda ISI and DI (Table 3) and HOMA-IR (ESM Table 2 ) in non-diabetic individuals at baseline treated with simvastatin or atorvastatin vs no statin and in individuals receiving low-dose or high-dose atorvastatin or simvastatin vs no statin were compared with the ANOVA post hoc tests. Matsuda ISI and DI between the individuals with and without statin therapy in categories of FPG and 2hPG were compared using the t test (unadjusted model, Fig. 2 ), and linear regression (adjusted for age, BMI, waist circumference, current smoking, physical activity, alcohol intake and family history of diabetes) (ESM Table 3 ), and similarly for HOMA-IR and HOMA-B (ESM Table 4 ).
Results
Risk of type 2 diabetes with statin treatment At entry individuals who developed diabetes were older, more obese, less physically active, had lower levels of HDL-cholesterol and had higher levels of total triacylglycerols, FPG, 2hPG and HbA 1c . Additionally, they were more insulin resistant and had lower insulin secretion than individuals who did not develop diabetes, independently of statin treatment (Table 1) .
Participants treated with statins developed diabetes more often than participants without statin treatment (11.2% vs 5.8%, p<0.001). Statin treatment increased the risk of type 2 diabetes by twofold during the follow-up (HR 2.01 [95% CI 1.71, 2.36]) ( Table 2 ). After adjustment for age, BMI, waist circumference, physical activity, smoking, alcohol intake, family history of diabetes and beta-blocker and diuretic treatment, the risk was 1.46 (1.22, 1.74). Adjustment for FPG, 2hPG, Matsuda ISI, DI, LDL-cholesterol, HDL-cholesterol, total triacylglycerols and CVD at baseline and changes in LDL-cholesterol and HDL cholesterol, total triacylglycerols and BMI during the follow-up slightly attenuated, but did not abolish, the association of statin treatment with newonset diabetes. Adjustment for glucose tolerance status at baseline had a similar effect as adjustment for FPG or 2hPG at baseline (not shown). (Fig. 1b) . The risk of diabetes was dose dependent for both simvastatin and atorvastatin (Fig. 1c, d ). After the adjustment for confounding factors, both simvastatin (high and low dose) and atorvastatin (high dose) significantly increased the risk of diabetes (simvastatin HR Time-dependency of the effect of statin treatment on the risk of incident diabetes The effects of changes in statin medication were evaluated in 4,786 participants with information on statin treatment at both baseline and follow-up. Subgroup analysis of participants who continued statin treatment from baseline to follow-up, initiated statin medication after baseline or discontinued statin medication before the follow-up study showed some evidence of time dependency of the risk (ESM Fig. 1 and ESM Table 1 ). The association of statin treatment with incident diabetes, when statin was discontinued after baseline, was attenuated after adjustment for confounding factors (ESM Table 1 , adjusted model).
Worsening of hyperglycaemia with statin treatment Statin treatment significantly increased the levels of 2hPG and the glucose AUC at follow-up ( p=0.001 and p<0.001, respectively), and nominally the levels of FPG at follow-up ( p= 0.037) after adjustment for confounding factors ( Table 2 ). The association of statin treatment with 2hPG at follow-up was stronger than that with FPG; the association remained nominally significant after the adjustment for FPG at baseline, Matsuda ISI and DI (Models 3-6) but was abolished after the adjustment for 2hPG at baseline. Adjustment for CVD, LDLcholesterol, HDL-cholesterol and total triacylglycerols and change in BMI did not attenuate the associations of statin treatment with glycaemia (Models 7-14).
Association of statin treatment with insulin secretion and insulin sensitivity Statin treatment was associated with a 24.3% reduced insulin sensitivity (Matsuda ISI) in the lowest category of FPG (<5.0 mmol/l) and with a 19.5% reduced insulin sensitivity in the lowest category of 2hPG (<5.0 mmol/l) compared with individuals without statin treatment ( p<0.001) (Fig. 2 and ESM Table 3 ). Statin treatment reduced insulin secretion (DI) by 12.0% in the lowest category of FPG compared with individuals without statin treatment ( p<0.01). The reduction in Matsuda ISI in different glucose tolerance categories (from <5.0 to 6.9 mmol/l for FPG, and from <5.0 to 7.99 for 2hPG) remained statistically significant after adjustment for confounding factors whereas the reduction in DI in the FPG and 2hPG categories lost its statistical significance after the adjustment for confounding factors in all Table 3 ). Similar reductions in insulin sensitivity across the glucose categories as for Matsuda ISI were observed for HOMA-IR (ESM Table 4 ). A decrease in HOMA-B across the fasting glucose categories was parallel to an increase in HOMA-IR, but across the 2hPG categories there was a small compensatory increase in HOMA-B (ESM Table 4 ).
The effect of different statins and statin doses on insulin sensitivity and insulin secretion Treatment with either simvastatin or atorvastatin was associated with significant reduction in Matsuda ISI (21.9 and 24.4%, respectively) and DI (7.6 and 7.4%, respectively) compared with no statin treatment (Table 3 ). There was a significant decrease in insulin sensitivity with an increasing dose of simvastatin (low dose, 20.8%; high dose, 25.4%) and atorvastatin (16.6% and 30.2%, respectively) ( Table 3 ). Similar reductions in insulin sensitivity were observed for HOMA-IR (ESM Table 2 ). Corresponding decreases in insulin secretion were considerably smaller for both simvastatin (low dose, 6.6%; high dose, 9.8%) and atorvastatin (3.4% and 10.5%, respectively). 
Discussion
We investigated the association of statin treatment with the risk of type 2 diabetes and the worsening of hyperglycaemia in a population-based prospective METSIM study including 8,479 non-diabetic Finnish men. Our study reports several novel findings: (1) statin therapy was associated with a 46% increased risk of type 2 diabetes after adjustment for confounding factors, suggesting a higher risk of diabetes in the general population than previously reported; (2) statin therapy was associated with a worsening of hyperglycaemia, especially 2 h glucose; (3) statin therapy was associated with a 24% reduction in insulin sensitivity and 12% reduction in insulin secretion compared with individuals without statin therapy and (4) both simvastatin and atorvastatin treatment was associated with reduced insulin sensitivity and insulin secretion in a dose-dependent manner.
Statins and the risk of type 2 diabetes and hyperglycaemia In our study statin therapy was associated with a higher risk of diabetes (46%) than previously reported. Based on registry or prescription-based data, an Irish study reported a 20% increase, a Canadian study a 10-22% increase and a Taiwanese study a 15% increase in the risk of type 2 diabetes associated with statin therapy [10] [11] [12] . In the Women's Health Initiative study statin therapy was associated with a 48% increase in the risk of self-reported diabetes [5] . In a collaborative meta-analysis of 13 randomised statin trials (N=91,140 participants), statin therapy was associated with a 9% increased risk for type 2 diabetes, based on FPG or physicianreported diagnosis of diabetes [8] . The higher risk of type 2 diabetes found in our study suggests that previous studies may have underestimated the significance of statin-induced diabetes. In our study 56.5% of the diabetes diagnoses were made according to 2hPG and/or HbA 1c criteria and therefore the use of either FPG or physician-reported diagnosis of diabetes as a sole criterion for diabetes diagnosis may significantly underestimate incident diabetes. Individuals who developed diabetes on statin therapy in our study had a similar metabolic risk factor profile at baseline to those who developed diabetes without statin therapy, suggesting that statin treatment increased the risk of diabetes independently of the risk profile of the background population. Our study is also the first to show that statin therapy was associated with the worsening of 2 h hyperglycaemia at follow-up. Increased levels of FPG in non-diabetic individuals receiving statin therapy have been previously reported in some [26, 27] , but not all [20] , studies; however, no previous study has reported significant changes in 2hPG level in people receiving statin treatment.
Differences in the risk of diabetes with varying statins and statin doses In our study atorvastatin and simvastatin were the most diabetogenic and pravastatin, fluvastatin and lovastatin were less diabetogenic, in agreement with the findings reported in previous studies [28] . However, the number of participants receiving pravastatin, fluvastatin and lovastatin was too small to reliably estimate their individual effects on the risk of diabetes. The risk of type 2 diabetes in our study was increased in a dose-dependent manner by simvastatin and atorvastatin treatment in agreement with a meta-analysis of five statin trials [9] . No definite conclusions can be drawn as to the dose-dependent effect of the other statins due to a low number of participants in these subgroups.
Statin-induced diabetes: possible mechanisms
The mechanisms underlying statin-induced diabetes are poorly known, but defects in insulin secretion and insulin resistance have been suggested [13, [19] [20] [21] . Our study demonstrated for the first time that one of the two mechanisms leading to incident diabetes in people receiving statin treatment was an increase in insulin resistance, reflected by elevated levels of 2hPG. The most pronounced reduction in Matsuda ISI in people receiving statin therapy was observed at the lowest levels of glycaemia (FPG <5.5 mmol/l and 2hPG <7.0 mmol/l), indicating that the harmful effects of statin treatment are observed especially in the low normoglycaemic range. At higher glucose concentrations the difference in insulin sensitivity between individuals receiving statin treatment and those not on statins was considerably smaller probably due to glucotoxic effects of hyperglycaemia. Both simvastatin and atorvastatin were associated with a significant dose-dependent reduction in Matsuda ISI (22 and 24%, respectively) compared with individuals who were not on statin treatment. These results are in agreement with a meta-analysis of 16 statin trials showing that simvastatin increased insulin resistance [19] .
Statin treatment reduced insulin sensitivity-corrected insulin secretion Similarly to the reduction in insulin sensitivity, the reduction in insulin sensitivity-corrected insulin secretion (DI) was also greatest in the lowest category of FPG and 2hPG (FPG <5.0 mmol/l and 2hPG <7.0 mmol/l). The magnitude of reduction in Matsuda ISI with simvastatin and atorvastatin was approximately threefold greater than the reduction in DI, suggesting that impaired ability of beta cells to respond adequately to decreased insulin sensitivity is probably the mechanism underlying the hyperglycaemic and diabetogenic effect of simvastatin and atorvastatin.
Strengths and limitations
The METSIM study is a large population-based study with detailed phenotyping for measures of glucose metabolism. Our 6 year follow-up study identified 625 new cases of type 2 diabetes among 8,749 non-diabetic participants at risk, making reliable conclusions possible. Our study included white men and therefore the applicability of these results to women or to other ethnic groups remains unknown. Insulin sensitivity and secretion were evaluated using validated surrogate indices, which are not as accurate measurements as the euglycaemic clamp or intravenous glucose tolerance test. However, these measurements are not possible to perform in large population-based studies including thousands of participants. Although our cohort was large, the power of our study to demonstrate significant associations of less frequently used statins with the risk of type 2 diabetes and underlying mechanisms was limited.
Conclusions
In conclusion, our population-based METSIM study including 8,749 non-diabetic individuals at baseline showed that statin therapy was associated with a 46% increase in the risk of incident type 2 diabetes after adjustment for confounding factors.
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